Measles virus hemagglutinin (MVH) residues potentially responsible for attachment to the wild-type (wt) MV receptor SLAM (CD150) have been identified and localized on the MVH globular head by reference to a revised hypothetical structural model for MVH (www.pepscan.nl/downloads/measlesH.pdb). We show that the mutation of five charged MVH residues which are conserved among morbillivirus H proteins has major effects on both SLAM downregulation and SLAM-dependent fusion. In the three-dimensional surface representation of the structural model, three of these residues (D505, D507, and R533) align the rim on one side of the cavity on the top surface of the MVH globular head and form the basis of a single continuous site that overlaps with the 546-548-549 CD46 binding site. We show that the overlapping sites fall within the footprint of an anti-MVH monoclonal antibody that neutralizes both wt and laboratory-vaccine MV strains and whose epitope contains R533. Our study does not exclude the possibility that Y481 binds CD46 directly but suggests that the N481Y mutation of wt MVH could influence, at a distance, the conformation of the overlapping sites so that affinity to CD46 increases. The relevance of these results to present concepts of MV receptor usage is discussed, and an explanation is proposed as to why morbillivirus attachment proteins are H, whereas those from the other paramyxoviruses are HN (hemagglutinin-neuraminidase).
Measles virus (MV), a member of the genus Morbillivirus in the family Paramyxoviridae of the order Mononegavirales, possesses two glycoproteins in its envelope: the hemagglutinin (H) protein, responsible for attachment to the cellular receptors, and the fusion (F) protein, which mediates the fusion of the viral and host membranes (12, 51) . Expression of the MV glycoproteins at the surface of the infected host cell also leads to cell-to-cell fusion, resulting in the formation of multinuclear giant cells (syncytium formation), which is the hallmark of paramyxoviral infections. MV fusion has been shown to depend upon the coexpression of the two glycoproteins (53) , and it is believed that the fusion helper function of the MVH protein depends upon a specific and physical interaction with the MVF protein mediated via the latter's cysteine-rich region (52) .
The host range of MV is restricted to humans and certain large primates. MV has been shown to use two cellular proteins as receptors: CD46 and SLAM/CD150 (8, 9, 18, 28, 47) . CD46 is a member of the RCA family of proteins, which control the complement cascade, whereas SLAM is a CD2 member of the immunoglobulin superfamily and plays a regulatory role in lymphocyte activation. Although CD46 is ubiquitously expressed on all human nucleated cells, the expression of SLAM appears to be restricted to certain cells of hematopoietic origin, including activated B and T lymphocytes and activated dendritic cells and monocytes (47) . It is now generally accepted that whereas laboratory and vaccine strains use both SLAM and CD46 as their cellular receptors, wild-type (wt) MV strains appear to use only SLAM. This presents an enigma, as many human tissues in which MV propagates, including respiratory epithelium, where the infection commences, are SLAM negative. Although the existence of a third receptor for MV (14, 26, 30, 45, 50 ) cannot be ruled out owing to the failure of anti-CD46 antibodies to systematically block the entry of wt MV in SLAM-negative cells, an alternative explanation has recently been proposed: despite data suggesting that CD46 is not used as a cellular receptor by wt MV strains (4) , evidence that these strains have the capacity to bind CD46 at low affinity is accumulating (25, 27) . Whether the induction of a more potent immune response (and immunosuppression) by wt relative to vaccine MV strains is related in part to differential receptor use is at present unknown.
It has been known since 1996 that the MVH residue Y481 is important for attachment to CD46 (1, 17, 21, 39) , but recently, evidence that other residues can also play a role has accumulated: an MVH mutant in which five alanines replaced the 473-to-477 region was not functional in a hemadsorption assay (31) , the S546G substitution has been shown to increase hemadsorption and CD46 binding (5, 23) , and residues S548 and F549, which are present in both wt and laboratory-vaccine MV strains, appear to represent a low-affinity CD46 binding site (27) .
Since the identification in 2000 of SLAM as the wt MV receptor, the search for residues on MVH responsible for binding SLAM has become a priority. We have used two ap-proaches to identify such amino acids. First, profiting from a study (48) showing that SLAM also acts as a cellular receptor for other members of the genus Morbillivirus, we initially targeted charged amino acids-which can be expected to be exposed at the surface and hence available for interaction with ligands-that are conserved on the globular heads of morbillivirus H proteins. We then extended our mutagenesis studies to include amino acids in the primary structure vicinal to those charged residues identified as potentially playing crucial roles in SLAM attachment. Our second approach involved mapping the epitope of monoclonal antibody (MAb) 55, a neutralizing anti-MVH MAb (11) that is effective against both laboratoryvaccine and wt strains of MV. Presumably MAb 55 exerts its effect by interfering with receptor attachment. Unless this antibody causes a conformational change upon binding, it can be expected that its epitope will be close to, or even coincide with, part of the receptor binding site. The neutralization of wt MV strains suggests that this antibody targets SLAM attachment. However, MAb 55 is equally effective against laboratory strains which use both SLAM and CD46. If the SLAM and CD46 binding sites are topologically distinct in the MVH tertiary structure, then laboratory-vaccine strains should still be able to attach to CD46 in the presence of MAb 55. The fact that they cannot raises the possibility that the CD46 and SLAM binding sites may be very close together on the surface of MVH. The existence of overlapping sites but distinct interacting surfaces for the two receptors on MVH was recently proposed by Santiago et al. (38) . These authors found that a panel of anti-MVH MAbs inhibited the binding of both receptors equally and that soluble versions of SLAM and CD46 competed each other out in binding MVH.
We have used the downregulation of SLAM and CD46 as an indirect marker of their interaction with MVH: expression of the MVH protein alone is sufficient to induce internalization of both SLAM and CD46 (29, 46) . As MV fusion is dependent upon receptor attachment (53) , mutant MVH proteins with modified receptor downregulation were further tested to investigate whether their fusion promotion capacities had also been affected. Our results, interpreted using the three-dimensional (3D) surface representation of the revised MVH structural model (www.pepscan.nl/downloads/measlesH.pdb), show that three charged residues (D505, D507, and R533), whose mutation affects both SLAM downregulation and SLAM-dependent fusion, align the rim on one side of the cavity present on the top surface of the MVH globular head. The notion that these residues form the basis of the MVH SLAM binding site is given credence by our finding that one of them (R533) is part of the epitope of MAb55. Other MVH residues that also appear to play roles in SLAM attachment extend the potential site in a continuous manner so that it overlaps on the surface of the MVH with residues 546, 548, and 549, recently identified as a second CD46 binding site on MVH (27) . The possible implications of these findings for MV receptor usage are discussed below.
MATERIALS AND METHODS

Cells and viruses.
HeLa, B95a, Vero, and Vero.SLAM cells were propagated in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 2 mM L-glutamine, 100 U of penicillin/ml, 0.1 mg of streptomycin/ml, 10 mM HEPES, and 10% fetal calf serum. HeLa (human epitheloid cervical carcinoma) and Vero (African green monkey kidney fibroblast) cells express a CD46 molecule usable by MV as a cellular receptor. Vero.SLAM cells express human SLAM in addition to simian CD46. B95a cells (an Epstein-Barr virus-transformed marmoset B-cell line) express simian SLAM, but the CD46 molecule expressed on these cells cannot be used as a cellular receptor by MV, as it lacks the first short consensus repeat (SCR), which has been shown to be essential for binding MVH (3, 16, 22, 24) . The Hallé strain of MV, MV escape mutants, the Copenhagen strain of vaccinia virus (VV), and recombinant VV expressing the MVF protein (VV-MVF) were propagated and titrated in Vero cells.
Antibodies. The murine MAbs used in this study were anti-MVH MAbs 55 (11) and BH59 (a gift from C. P. Muller), anti-CD46 MAbs 13/42 and 11/88 (both gifts from J. Schneider-Schaulies), and anti-SLAM MAb IPO3 (Interchim). The secondary antibody used was a fluorescein isothiocyanate-conjugated goat anti-mouse antibody (Dako). MAb 13/42 recognizes SCR1 of CD46, which contains the MVH binding domain, whereas MAb 11/88 recognizes SCR4 of CD46.
Production and analysis of MAb 55 escape mutants. Vero cells in a six-well plate were infected with MV (Hallé strain) at a multiplicity of infection of 0.01. Anti-MVH MAb 55 (2 l of ascites fluid) was added 1 h later. After 6 days, the cultures were freeze-thawed, and the viruses were reselected by infecting further Vero cells and cultivating them in the presence of MAb 55. The virus was then plaque purified on Vero cells in the presence of MAb 55. Total RNA was extracted from Vero cells infected with MV Hallé or an MV escape mutant by using RNA NOW (Ozyme, St. Quentin, France). MVH genes were amplified by one-step reverse transcription (RT)-PCR (Titan One-Step; Roche Diagnostics) using the primers 5Ј-CGGTAGTTAATTAAAACTTAGGGTGCAAGATCAT CCAC-3Ј and 5Ј-ATGCCTGACGTCTGGGTGACATCATG-3Ј. The RT-PCR products were entirely sequenced using the Big Dye Terminator kit (Applied Biosystems) on an Applied Biosystems 3000 sequencer.
Production and expression of MVH mutants. Site-directed mutagenesis (QuickChange; Stratagene) was performed on the MV Hallé H gene (10) cloned in the pCopak plasmid, which contains a modified form of the VV H6 promoter (33). The mutated plasmids were then amplified and purified on a CsCl gradient. HeLa cells were first infected with VV or VV-MVF for 2 h in 1 ml of Dulbecco's modified Eagle's medium-0% fetal calf serum and then transfected by a mix of Lipofectamine (Invitrogen) and 3 to 5 g of mutated pCopakHH.
CD46 and SLAM expression analysis. For the analysis of the MVH mutants, confluent HeLa cells in six-well plates were infected with VV and transfected by pCopakHH as described above. Eighteen hours later, 10 6 B95a cells were added, and 4 h later, the cells were harvested. For the analysis of the MAb 55 escape mutants, Vero or Vero.SLAM cells were infected with MV Hallé or each of the escape mutants. The cells were stained for 10 min with the anti-MVH MAbs 55 and BH59, the anti-CD46 MAbs 13/42 and 11/88, or the anti-SLAM MAb IPO3; washed; and then stained for 10 min with fluorescein isothiocyanate-conjugated goat anti-mouse antibody. The stained cells were analyzed by flow cytometry using a FACScan machine (Becton Dickinson). HeLa and B95a cells were differentially analyzed depending on their morphologies. Cells positively stained with propidium iodide were excluded from the analysis.
Analysis of fusion helper function of MVH mutants. Either confluent HeLa cells or a coculture of HeLa and B95a cells was infected with VV-MVF and transfected by pCopakHH as described above. The cells were observed with a light microscope 18 to 24 h later for the presence of syncytia.
Sequence alignments. Multiple sequence alignments were performed using the Genetic Computer Group's PILEUP algorithm (7) . Alignments were edited using MegAlign (DNASTAR Inc.). Secondary-structure predictions were performed using the profile-based neural network prediction program PHD and the threading program TOPITS (36, 37) . Multiple sequence alignments were performed using several representative sequences of neuraminidase family members and morbillivirus H proteins. The following hemagglutinin-neuraminidase (HN) and H sequences were used for analysis and comparison: bovine parainfluenza 3 virus (accession number P06167), Sendai virus strain HVJ (P06863), human parainfluenza virus strain Toshiba (P25466), Simian virus 5 isolate LN (P28885), mumps virus strain Miyahara (P11235), Newcastle disease virus strain Beaudette C/45 (P32884), rinderpest virus strain L (p09460), MV strain Edmonston (P08362), phocine distemper virus isolate DK88-4A (P28882), canine distemper virus strain Onderstepoort (P24306), dolphin morbillivirus (Q66411), and peste de petits ruminants virus strain 75/1 (Q98603). Model building and visualization were done using DeepView (Swiss PDBViewer) version 3.7 and SwissModel (13, 32) . For two loops that could not be created automatically, the program LOOP SEARCH in the SYBYL package (Tripos Associates, St. Louis, Mo.) was used. Model verification was done using WhatCheck (15).
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RESULTS
Generation of a refined higher-resolution hypothetical model structure for the MVH globular head. In a previous study, it was predicted that the morbillivirus H protein folds as a ␤-propeller (20) . This fold adopts a symmetrical structure based on six twisted antiparallel ␤ sheets (coded B1 to B6), with four strands each (coded S1 to S4). The sheets are radially arranged like the blades of a propeller around an axis through the center of the molecule. The loops are numbered according to the strands they connect, e.g., L23 is the loop that connects strands 2 and 3. A shallow cavity, located on the top surface of the globular head near the center, is equivalent to the structure that forms the active site of the paramyxovirus HN where sialic acid binds. The ␤-propeller model of morbillivirus H was based on a very low sequence homology (Ͻ6%) with the influenza neuraminidase protein. Typically, molecules with a ␤-propeller fold are characterized by extreme sequence diversity, and this makes homology modeling a great challenge. However, this task has been greatly facilitated by the recently published structure (6) of the HN protein of Newcastle disease virus (NDV), which is a more reliable template for homology modeling. As several very important active-site residues were missing from the previous model, and in the sequence database several other supposedly conserved residues that were thought to be involved in neuraminidase activity appeared not to be conserved, there was no further need for biasing of the alignment based on presumed conserved catalytic residues.
Thus, the revised alignment is based only on sequence homology, secondary-structure prediction, and protein-folding compatibility and not on the assumption that the morbillivirus H has catalytic residues in common with other neuraminidases. PHD predictions were determined for morbillivirus H sequences, and the H sequences were aligned with NDV HN using the H3P2 substitution matrix (a five-dimension substitution matrix with three dimensions for the homologous structure and two dimensions for the probe sequence), which includes secondary-structure parameters (34, 37) . The locations of the strands according to the modified alignment now agree much better with the PHD secondary-structure predictions, and because the modified alignment is no longer discontinuous, it fits better with alignment programs that are based on fold recognition (36) . In order to obtain a refined globular structure, homology modeling was performed with the new alignment ( Fig. 1 ) and the more homologous template using the automated protein-modeling software on the SWISS-MODEL protein-modeling server (41) . For the large 16-residue loop ␤1L23, the homologous loop of influenza neuraminidase was used. On the top of the ␤-propeller, in the two adjacent loops ␤4L01 and ␤4L23, a deletion and an insertion, respectively, had to be created. The automated software failed to build a model with this insertion and deletion. Thus, these two loops were introduced separately as described in Materials and Methods. The seven rectangles in the alignment indicate the seven regions which are similar to the alignment described by Vongpunsawad et al. (49) . The regions indicated by the rectangles are spaced by seven dissimilar regions that deviate from the alignment of Vongpunsawad et al. (49) . In general, the differences are caused by the emphasis we have put on the conservation of cysteine bridges, which are all conserved between the morbillivirus H and paramyxovirus HN proteins according to our alignment, and sequence conservation in ␤-strands. The majority of the differences between the two alignments are found in dissimilar regions 1 and 5. Dissimilar region 3 is also very different, but it does not have a great impact on the overall structure because it corresponds to the large ␤3L23 loop. The shift in dissimilar region 4 results in a completely different position for ␤-strands ␤4S1 and S2. In order to retain the conservation of these two strands, we had to make a large deletion in ␤4L01 and an insertion in ␤4L23. The large deletion in ␤4L01 of the template structure allowed us to accommodate the large insertion in ␤4L23. We have interpreted the results generated by the mutagenesis-expression studies of MVH in terms of this revised structural model of the morbillivirus H protein.
Mutation of residues D505, D507, and H536 strongly reduces SLAM downregulation, but mutation of D530 and R533 abolishes SLAM downregulation completely. Tatsuo et al. reported that canine distemper virus and rinderpest virus also use SLAM as their cellular receptor and predicted that this is also the case for the other members of the genus Morbillivirus (48) . We thus formulated the hypothesis that if SLAM is the cellular receptor for all the morbilliviruses, the residues responsible for attachment to the receptor should be conserved among MV, canine distemper virus, rinderpest virus, peste de petits ruminants virus, and phocine distemper virus. Acting on the premise that the interaction with SLAM potentially involves residues present on the protein surface, we targeted charged amino acids that are conserved on the globular heads of the H proteins from the five different morbilliviruses: R253, E256, E293, H354, R355, D442, D505, D507, D530, R533, H536, and R547. These 12 residues were mutated to either alanine or serine, and in two cases (D505 and D507) to glycine, with the change D505G being present in a natural MV mutant. The capacity of each MVH mutant to induce the downregulation of SLAM was then monitored as described in Materials and Methods. We used the Hallé strain of MVH for this study (10) . As laboratory strains of MV, such as Hallé, use both SLAM and CD46 as cellular receptors, the effects of these mutations on CD46 downregulation could also be monitored as an internal control.
We found that the R253, E256, E293, and R355 mutants were not expressed at the cell surface: the residues between 253 and 256 (RVFE) are conserved among all the morbillivirus H proteins and presumably play an important role in the maintenance of the H protein tertiary structure; a similar supposition can be made for E293 and R355, which are part of the conserved HRG sequence on a bulge of the central strand of sheet 3 that points directly to the center of the molecule. The expression levels of the mutant H proteins were calculated by measuring the mean fluorescence intensity for each. This varied between 86 and 112% relative to the expression of the nonmutated H protein. The effect of each mutation on SLAM and CD46 downregulation as measured by flow cytometry was calculated in relation to the values obtained for the nonmutated H protein (Fig. 2) . Figure 2 shows that mutating H354, D442, and R547 did not have a significant effect on the downregulation of SLAM (i.e., Ͻ25%). SLAM downregulation was strongly reduced by the mutations D505G, D507G, D505G/ D507G (by 42, 58, and 70%, respectively), and H536A (60%) and was essentially abolished in the cases of D530A and R533A (99 and 93%, respectively). These mutations had minimal effects on CD46 downregulation. Mutating D505, D507, D530, R533, and H536 has no effect on the CD46-dependent fusion promotion capacity of the Hallé H protein. We then investigated the effects of these mutations on the fusion promotion capacity of the MVH protein. The Hallé strain of MV can use both CD46 and SLAM as cellular receptors. If these residues are responsible for attachment to SLAM but not CD46, their mutation in the Hallé MVH protein should not compromise the protein's capacity to promote viral fusion in CD46-expressing cells. The lack of an effect on the downregulation of CD46 by the mutation of residues 505, 507, 530, 533, and 536 suggests that these residues do not play a role in the attachment to CD46, and as expected, syncytium formation was observed when each of the mutant proteins was coexpressed with the Hallé F protein in HeLa cells (CD46 ϩ ) (not shown).
Mutating D530 or R533 abolishes the SLAM-dependent fusion capacity of the Hallé H protein. A single mutation (Y481N) in the Hallé H protein has been shown to abolish interaction with CD46, and thus syncytium formation, in HeLa cells (1, 17, 21) . A series of double mutants-Y481N/D505G, Y481N/D507G, etc.-were constructed and tested for the capacity to promote viral fusion when coexpressed with the Hallé F protein. We found that (i) these Y481N-containing mutants lost their CD46-dependent fusion promotion capacities in HeLa cells (not shown) and (ii) although the SLAM-dependent fusion promotion capacities of the mutants Y481N/ D505G, Y481N/D507G, Y481N/D505G/D507G, and Y481N/ H536A were maintained in the HeLa/B95a coculture system, those of the double mutants Y481N/D530A and Y481N/ R533A were abolished (Fig. 3) .
Alanine mutation of the 521-to-537 region reveals that it contains residues implicated in both SLAM and CD46 binding. Residues D530 and R533 are situated on the loop which connects the second and third strands of ␤-sheet 5. Considering their apparent importance for SLAM binding, we decided to investigate the consequences of mutating (to alanine) each residue on ␤5S2 and the preceding loop: residues 521 to 537. Figure 4 shows that although the mutation of residues 532 to 537 had little effect on CD46 downregulation, the mutation of residues L522, Y524, L526, Y529, and T531, which are far in terms of primary sequence from the two CD46 binding sites identified in MVH, led to reductions in CD46 downregulation of 29, 48, 38, 40, and 34%, respectively. Mutating the residues that are neighbors of D530 and R533 in the primary sequence-Y529, T531, and S532-resulted in important reductions in SLAM downregulation (85, 40, and 58%, respectively), but mutating residues 522 to 527 also resulted in significant reductions in SLAM downregulation: 58, 81, 49, and 77% for L522, Y524, V525, and A527, respectively. It is noteworthy that the mutation of Y524, Y529, and T531 led to considerable reductions in the downregulation of both CD46 and SLAM. If, in general, SLAM downregulation appears to be more sensitive to mutation than CD46 downregulation, this could be explained in part by a study showing that MVH has a higher affinity for CD46 than for SLAM (38) .
R533 is part of the epitope of a neutralizing anti-H MAb. The Hallé MV strain, like all vaccine and wt strains that we have tested, is neutralized by the anti-MVH MAb 55 (11) . As MVH is the attachment protein for MV, it can be assumed that MAb 55 achieves neutralization by blocking cellular receptor attachment. Giraudon and Wild found that MAb 55 not only passively protected against the Hallé strain in a mouse model but also inhibited hemagglutination (11) . This suggests that the antibody targets CD46 attachment, as hemagglutination (of CD46-expressing simian erythrocytes) depends upon the interaction MVH and CD46. However, the neutralizing effect of MAb 55 on both wt and laboratory MV strains suggests that the antibody also blocks attachment to SLAM. This raises the possibility that the CD46 and SLAM binding sites are topologically close, if not overlapping, on the MVH. Mapping the MAb 55 epitope thus became a priority and was achieved through the production of MAb 55 escape mutants (see Materials and Methods). Hallé strain mutants whose replication was not impeded by MAb 55 were isolated, and the genes encoding their H proteins were cloned by RT-PCR and sequenced. Comparison of these sequences with the original Hallé H sequence showed that each escape mutant contained two mutations: T469A and R533G. Subsequent introduction of these mutations singly into MVH showed that the latter mutation alone was responsible for the loss of staining by MAb 55 observed with the MAb 55 escape mutants (Fig. 5A) . Although the MAb 55 escape mutants and the H protein carrying the R533G mutation were not stained by MAb 55 (Fig. 5A ), they were stained by another MVH-specific antibody, MAb BH59 (Fig. 5A ). R533 does not appear to be essential for the MAb 55 epitope, as the mutations R533A and R533S have only a minor effect on MAb 55 staining (Fig. 5A) . However, we found that the double mutant R533S/E535A results in a lack of staining for MAb 55, although the individual mutations do not have this effect. Subsequent experiments in which Vero and Vero.SLAM cells were infected with the escape mutants showed that, although the capacity of the virus to induce CD46-dependent syncytium formation or to downregulate CD46 was not affected (Fig. 5B) , the internalization of SLAM in Vero.SLAM cells was only 12% of that obtained with the Hallé virus (Fig. 5C ). When residue R533 was mutated in vitro to glycine, alanine, or serine, CD46-dependent syncytium formation and CD46 downregulation were unaffected but downregulation of SLAM was abolished ( Fig. 5B and C) . Moreover, the double mutant Y481N/R533G could not induce syncytium formation in the coculture system (Fig. 3) . Hence, residue R533, whose mutation results in the abolishment of SLAM downregulation, is also part of the epitope of a neutralizing anti-MVH MAb. MVH globular-head residues whose mutation affects SLAM downregulation align in 3D as a continuous site which overlaps with the 546-548-549 CD46 binding site. Examination of the wire frame representation of the revised structural model for MVH (www.pepscan.nl/downloads/measlesH.pdb) reveals that residues 505 and 507 are very close to residues 530, 533, and 536 on two loops (␤5L01 and ␤5L23, respectively) ( (Fig. 6B and D) . The surface representation suggests that whereas residue R533 is available on the protein surface for ligand binding, D530 is buried. However, the predicted 3D structure of the short stretch preceding R533 is not very precise. NDV HN, which was used as a template, has a large unique loop that had to be deleted for the MVH model. This meant that the automated proteinmodeling server was able to build a loop only after the alignment was modified in such a way that D530 was no longer on the exposed ␤5L23 loop but on ␤5S2, just preceding the loop; as a consequence, D530 is not exposed on the surface. However, if a similar template structure were available, or some manual modifications of the automatically constructed structure could be made, then D530 would probably be positioned in the exposed ␤5L23 loop. Alternatively, D530 does not participate directly in binding to SLAM, and mutation of this residue leads to a local conformational change that perturbs the position of R533, the residue that appears to have paramount importance in SLAM binding. Strikingly, the revised structural model's 3D surface representation reveals (Fig. 6B and D) that the continuous site formed by D505, D507, and R533 is extended by residues T531 and R547, and this overlaps with residues 546, 548, and 549, recently identified as a second CD46 binding site in MVH (23) . Although R547 resides in the center of the 546-548-549 CD46 binding site (in terms of both primary structure and tertiary structure), mutation of this residue has only a minimal effect on CD46 downregulation. Mutation of R547 does, however, cause a 23% reduction in SLAM downregulation (Fig. 2) . Furthermore, mutation of T531, the residue that in the structural model's 3D surface representation makes liaison between R533 and R547, causes significant reduction in the downregulation of both CD46 and SLAM (34 and 40%, respectively). Support for the hypothesis that these residues do indeed represent overlapping SLAM and CD46 binding sites is provided by the MAb 55 footprint: assuming the standard diameter of a MAb footprint to be 26 Å , a footprint for MAb 55 centered on R533 encompasses the overlap made with residues 546, 548, and 549 ( Fig. 6B and D) .
Residues 524 to 526 are very close in 3D to Y481 in the MVH globular head. Although in the revised structural model's 3D surface representation (Fig. 6B and D) most residues in the 521-to-537 region are predicted to be buried, those predicted to be on the surface (524 to 526) are very close in 3D to Y481, the residue shown to be essential for the MVH CD46 binding phenotype (1, 17, 21) . In fact, according to the model, Y481 actually contacts Y524 (Fig. 7) , a residue whose mutation has an effect on both CD46 and SLAM downregulation.
DISCUSSION
Although the initial aim of this study was to identify MVH residues potentially responsible for attachment to the MV cellular receptor SLAM, it has also afforded new insights regarding the molecular basis of MV receptor usage in general. This has been achieved by elucidating the results generated by the mutagenesis-expression studies of MVH in terms of a revised hypothetical structural model for the protein (www.pepscan.nl/ downloads/measlesH.pdb).
Identification of MVH residues that potentially participate in interaction with SLAM. When Giraudon and Wild (11) generated a panel of MAbs specific for MVH, they found that the binding of each MAb was competed to some degree by all the others. This suggests that all the MAbs target a particular region of MVH rather than disparate domains. The most neutralizing of these MAbs, MAb 55, is effective against all strains of MV. If MAb 55 functions by blocking receptor attachment, this points to SLAM being the target, as it is the cell receptor used by all strains of MV. However, laboratory and vaccine strains of MV, which use both SLAM and CD46, are also neutralized by MAb 55. A possible explanation for this would be proximity of the binding sites for SLAM and CD46 on the surface of the MVH protein. The existence of overlapping sites but distinct interacting surfaces for the two receptors on MVH was recently proposed by Santiago et al. (38) . These authors found that a panel of anti-MVH MAbs inhibited the binding of both receptors equally and that soluble versions of SLAM and CD46 competed each other out in binding MVH. We thus considered the possibility that the neutralizing anti-MVH MAb 55 could target SLAM binding primarily but might also have an effect on CD46 binding if the binding sites of SLAM and CD46 overlapped. The epitope mapping of MAb 55 strongly suggests that R533 participates directly in the interaction with SLAM. The R533G mutation has no effect on CD46 binding, and indeed, the fact that selection of the escape mutant was made on CD46
ϩ Vero cells confirms this. In order to discover which MVH residues associate with R533 to form a potential SLAM binding site, we made reference to the revised structural model for MVH (www.pepscan.nl/downloads /measlesH.pdb). We needed to differentiate those residues which are buried and whose mutation alters the conformation of the site from those present on the surface, which have the potential to interact directly with SLAM. The structural model's 3D surface representation predicts that of the five conserved charged amino acids whose mutations significantly affect SLAM downregulation, only three are present on the surface: D505, D507, and R533. Interestingly, these three residues align the rim of the cavity on the top surface of the MVH globular head, and the continuous site they form is extended by two residues, T531 and then R547, so that it contacts residues 546, 548, and 549, recently identified as a second CD46 binding site in MVH (27) . Furthermore, mutation of R547, one of the 12 charged residues conserved among the morbilliviruses, which resides, in terms of both primary and tertiary structure, in the center of the 546-548-549 CD46 binding site, has only a minimal effect on CD46 downregulation. R547 mutation does, however, result in a moderate reduction in SLAM downregulation, and mutation of T531, which makes liaison between R547 and R533, leads to significant reductions in the downregulation of both receptors.
A recent study dedicated to the production of recombinant MV strains specific for either SLAM or CD46 (49) sought to identify MVH residues that play roles in SLAM-dependent fusion. For this study, reference was made to a new theoretical structural model for MVH, which like ours (www.pepscan.nl /downloads/measlesH.pdb) uses the NDV HN protein structure as a template (see Materials and Methods for a comparison of the two models). Evidently, it should be borne in mind that the two structural models are both theoretical, and confirmation of the roles of particular residues awaits a definitive structural determination for MVH. Although by being restricted to a SLAM-dependent fusion assay as a means to identify residues playing roles in SLAM attachment, residues important for the interaction with MVF (as yet unknown) will also be targeted, Vongpunsawad et al. (49) identified seven "SLAM-relevant " amino acids: Y529, D530, T531, R533, F552, Y553, and P554. Vongpunsawad et al. showed that these residues form two clusters on the surface of the MVH globular head. As far as the first cluster is concerned, our results suggest that Y529 and T531 play roles in the attachment of both CD46 and SLAM but that Y529 and D530 are not solvent exposed. Although Vongpunsawad et al. did not identify residues D505 and D507 as potentially playing roles in binding SLAM, our results suggest that these residues initiate a single continuous site that is extended by residues R533, T531, and R547. There is evidence that the two residues are part of the epitope of the anti-MVH MAb 80-II-B2 (42) . Furthermore, in a study which sought to determine a direct estimate of the spontaneous mutation rate of MV (40) , five MAb 80-II-B2 escape mutants were isolated with single-residue mutations located at amino acids 505 (two mutants), 507 (two mutants), and 530 (one mutant). The natural mutation D505G has been proposed to be responsible for the lack of reactivity by the vaccine strain CAM-70 to this antibody (19) ; natural mutations in these residues can probably be tolerated in vaccine strains, as they can also use CD46 for entry. It might be expected that the residues making up the second cluster of SLAM-relevant residues described by Vongpunsawad et al. (F552, Y553, and P554) would be conserved among the different morbilliviruses, but this is not the case, except for P554, whose mutation could be problematic for the conformation of MVH.
Molecular basis of MV receptor usage. The fact that both the SLAM site and the 546-548-549 CD46 binding site are within a theoretical footprint for MAb 55 centered on R533 provides a plausible explanation as to how this antibody can block both SLAM and CD46 attachment and provides support for the prediction made by Santiago et al. (38) that the binding sites for SLAM and CD46 overlap on the MVH globular head. What is somewhat surprising, however, is that the CD46 binding residues concerned are 546, 548, and549 rather than Y481. The N481Y mutation occurs upon adaptation of wt MV strains to CD46
ϩ Vero cells (4, 35, 43) . Adaptation involves the acquisition of phenotypic markers associated with laboratoryvaccine strains: CD46-dependent fusion, CD46 downregulation, and hemadsorption (21) . Ten years ago, Shibahara et al. (43) showed that three wt MV strains that acquired the hemadsorption phenotype following passaging in Vero cells had point mutations in the H protein: two had N481Y, and one had S546G. Li and Qi (23) subsequently showed that the S546G substitution is also associated with the acquisition of hemadsorption and CD46 binding. Evidently both mutations increase affinity for CD46. But how? Santiago et al. (38) correctly predicted that SLAM binding was likely to be localized on the top of the H protein propeller but that Y481 would localize to the side. In order to explain their finding that the SLAM and CD46 sites overlap, Santiago et al. suggested that the first repeat of CD46 could make contact with Y481, with the second repeat making contact adjacent to the SLAM binding site. However, we propose that another explanation is possible: the S546G and N481Y mutations induce conformational changes in the MVH globular head. It was recently demonstrated that residues 548 and 549 appear to represent a low-affinity CD46 binding site that is present on the H proteins of both wt and laboratory-vaccine MV strains (27) . However, our present results suggest that in laboratory-vaccine strains these residues represent a high-affinity CD46 binding site. If this switch from low-to high-affinity CD46 binding depends upon a conformational change, it could be achieved locally by the S546G mu- VOL. 78, 2004 MV HEMAGGLUTININ OVERLAPPING RECEPTOR SITES 9061
on September 22, 2017 by guest http://jvi.asm.org/ tation and at distance by the N481Y mutation. Our results concerning the mutation of other MVH residues in the vicinity of Y481 give support to this concept. According to the structural model, Y481 is very close in 3D to the 521-to-529 region and even appears to be in contact with another tyrosine (Y524) whose mutation causes significant reductions in the downregulation of not only CD46 but also SLAM. L526 is also close to Y481, and Shingai et al. (44) recently reported that the mutation S526L can induce CD46 attachment in the H protein from a particular subacute sclerosing panencephalitis MV strain called Osaka-2. Our results showing that the reverse mutation, L526S, reduces CD46 downregulation confirm that this residue plays a role in CD46 attachment. As Y524 and L526 are predicted to be on the surface of the globular head, they could theoretically be part of an extensive CD46 (and SLAM) binding site, but our finding that other residues in the 521-to-529 region, whose mutations also have an effect on the downregulation of the two receptors, are predicted to be buried suggests that this is probably not the case. Although evidence of a conformational change in MVH induced by the N481Y mutation is lacking, this could explain the puzzling results of Bieback et al. (2), who found that this point mutation abolishes the SLAM-and CD46-independent capacity of wt MV to induce Toll-like receptor 2 activation. Are morbillivirus attachment proteins H rather than HN because they bind SLAM rather than sialic acid? A dramatic consequence of the revised morbillivirus H model (www.pepscan .nl/downloads/measlesH.pdb) is that although the NA (neuraminidase) fold is conserved, all NA active site residues except R533 are lost. As this conserved residue is the equivalent of a major residue involved in binding the carboxylate of sialic acid in NA active sites, this raises the possibility that members of the genus Morbillivirus have adapted the sialic acid binding site on their attachment protein to binding SLAM via evolution. One possible way in which morbilliviruses could prevent readsorption of progeny virus would be by removal of the cellular receptor from the infected cell's surface: MVH-induced receptor downregulation could fill this role.
The present study lends more credence to the concept that the capacity of MV to interact with CD46 is an intrinsic in vivo property rather than an in vitro adaptation. Whether lowaffinity attachment to CD46 plays a role in wt MV infection of SLAM-negative tissues remains to be elucidated, but the overlapping of CD46 and SLAM binding sites on MVH could facilitate switching of receptor usage during wt MV infection.
